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Two-color (2 + 1’) multiphoton ionization high-resolution threshold photoelectron 
spectroscopy has been applied to the Ar-NO van der Waals complex in a supersonic free jet. 
The resonant ionization process studied may be expressed by Ar-NO(X 21’1,,2,~” = 0) 
+ 2hv, + Ar-NO* (C ZII,u’) + hv, -+ Ar-NO + (X ‘Z + ,v + ). Two strong anharmonic 
vibrational progressions have been observed in the threshold photoelectron spectra having 
frequencies of 79 and 94 cm - r. These vibrations have been assigned to the intermolecular 
bending and stretching motions of the ( Ar-NO) + complex cation. From the threshold 
photoelectron spectra, the adiabatic ionization potential of Ar-NO has been determined as 
73 869 f 6 cm - ’ (86 cm - ’ higher than previously reported), and the dissociation energy of 
the ( Ar-NO) + cation has been calculated as 95 1 cm - ‘. The structural change of Ar-NO that 
occurs on photoionization has been calculated with the aid of simple Franck-Condon 
calculations, which suggest that the intermolecular bond distance of Ar-NO decreases by 1.03 
A, while the 0-N-Ar angle decreases by 11.3”. 
1. INTRODUCTION 
Excited-state photoelectron spectroscopy has been de- 
veloped in parallel with the technique of resonantly en- 
hanced multiphoton ionization (REMPI) .’ REMPI photo- 
electron spectroscopy has made some impressive advances 
with the threshold of photoelectron detection replacing the 
established method of photoelectron kinetic-energy analy- 
sis.2 With REMPI threshold photoelectron spectroscopy, it 
is now possible to observe well-resolved vibrational structure 
of a variety of molecular cations with an energy resolution of 
less than a few wave numbers.2A In general, this technique 
has the following advantages. ( 1) The REMPI process se- 
lects a specific vibrational level (even a rotational level) in 
an excited state as a resonant intermediate state. The number 
of Franck-Condon active vibrational levels accessible in a 
molecular cation thus produced is much larger than in con- 
ventional one-photon VUV photoelectron spectroscopy. (2) 
Concerning the aforementioned selection of a resonant state, 
the REMPI process makes it possible to selectively ionize a 
specific molecule from a mixture of several molecular spe- 
cies (such as rotational isomers, dimer complexes, etc. ) . As 
a result, it is possible to record a “pure” REMPI threshold 
photoelectron spectrum of the “selected” molecule without 
contributions to the photoelectron signal from other mole- 
cules present in the ionization region. (3) The optical-opti- 
cal double resonance (OODR) process that gives rise to the 
REMPI threshold photoelectron spectrum dictates that the 
energy axis of the spectrum is determined by the wavelength 
of the ionization laser ( v2 ) . This is particularly important in 
measuring the vibrational frequencies of a molecular cation. 
(4) The relative band intensities of a threshold photoelec- 
tron spectrum are more reliable when compared to those 
obtained in a typical time-of-flight (TOF) photoelectron 
spectrum, since the photoelectron transmission efficiency 
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depends on the photoelectron kinetic energy in TOF photo- 
electron spectroscopy. Consequently, a REMPI threshold 
photoelectron spectrum should provide the levels of accura- 
cy necessary for reliable Franck-Condon calculations. 
Thus, this spectroscopy should be a powerful tool to study 
not only monomer molecular cations, but also molecular 
complex cations. 
Recently, REMPI threshold photoelectron spectrosco- 
py has been applied to the phenol-water hydrogen complex,5 
giving the intermolecular vibrational progressions of 
(phenol-water) + complex cation. The spectroscopic study 
of electronic states of van der Waals clusters formed between 
molecules and rare-gas atoms has been accelerated with the 
supersonic jet technique. The pioneering studies by Levy et 
~1.~ used laser-induced fluorescence (LIF) to study the rare- 
gas I2 system. 
Langridge-Smith et al7 have observed a dissociative 
state (A ‘I: + ) of Ar-NO using a LIF technique. In this lab- 
oratory, Sato et al.’ have previously found a bound Rydberg 
state (C 211) of Ar-NO using a REMPI technique. They 
have recorded photoelectron spectra of Ar-NO via the sev- 
eral intermolecular stretching vibrational levels in the reso- 
nant C 211 state, using a TOF photoelectron energy analyz- 
er.’ Although they were unable to resolve any vibrational 
structure of ( Ar-NO) + in their photoelectron spectra, the 
adiabatic ionization potential of Ar-NO was determined as 
I, = 9.148 + 0.005 eV from the onset of the photoelectron 
band, and the dissociation energy of ( Ar-NO) + was calcu- 
lated as D, = 0.129 k 0.005 eV. 
In the present work, the REMPI threshold photoelec- 
tron spectroscopy has been applied to the Ar-NO complex 
with the aim of observing intermolecular vibrational struc- 
ture of the (Ar-NO) + cation, as well as determining the 
adiabatic ionization energy of Ar-NO more accurately. This 
was achieved using a deflection-type threshold photoelec- 
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tron analyzer which has recently been developed in this labo- 
ratory.4 This study represents a new approach to the vibra- 
tional spectroscopy of van der Waals cluster cations. 
II. EXPERIMENT 
The apparatus used in the present work has been de- 
scribed elsewhere.3*4 It consists of a vacuum chamber, a 
pulsed-nozzle sample inlet system, a tunable dye laser sys- 
tem, and a detection system which has a threshold photo- 
electron analyzer and a total ion-current detector. 
The laser source consists of two dye lasers (Quanta- 
Ray, PDL-1 and PDL-3) pumped by a Nd-YAG laser 
(Quanta-Ray, GCR-3). One laser output (Kiton red dye) 
was mixed with the fundamental line ( 1.064 p) of the Nd- 
YAG laser, and the other laser output was obtained with C- 
460 dye. The first laser (v, ) was used to excite only the jet- 
cooled Ar-NO complex to a specific vibrational level in the 
C ‘Il state by two-photon excitation. The second laser ( v2 ) 
was used to ionize Ar-NO from the excited state to the ioni- 
zation continuum. These two dye laser outputs (vi and v2 ) 
were introduced to the ionization region from opposite sides. 
The resonant ionization process may be expressed by 
Ar-NO(X *II ,,2$’ = 0) + 2hv, 
-+ Ar-NO*( C 211,u’) + hv, 
-+Ar-NO+ (X’B+,v+) +e-. 
Recently, in this laboratory, two new types of compact 
threshold photoelectron analyzers have been designed and 
developed: One is a capillary-type3 and the other is a deflec- 
tion-type.4 The deflection-type analyzer is shown schemati- 
cally in Fig. 1. This analyzer consists of a pair of electrodes 
( P 1, P 2 ) , a deflector (D) , an electrode (P 3 ) , and an electron 
multiplier (EM: Ceratron). 
The photoelectrons produced at the ionization point 
(Q) initially disperse under zero electric field after each laser 
shot. Although some kinetic photoelectrons proceed 
towards the electron multiplier, they are decelerated by a 
continuous electric field (0.25 V/cm) applied to P2 and P 3, 
and their trajectories are curved by the pulsed electric field 
applied to the deflector. 
EM 
FIG. 1, A schematic drawing of the deflection-type threshold photoelectron 
analyzer. Q is the ionization point, P 1 and P2 are the electrodes across 
which a pulsed electric field is applied to extract threshold photoelectrons, 
D is a deflector which removes kinetic photoelectrons, P3 is the electrode 
which produces a continuous electric field between P 2 and P 3 to decelerate 
photoelectrons, and EM is the electron detector (N is the conical nozzle). 
The threshold photoelectrons remaining around the 
ionization point are accelerated towards the electron multi- 
plier by applying a pulsed electric field across P 1 and P 2 after 
a certain delay time (typically 500 ns), while the pulsed elec- 
tric field applied to the deflector is turned off. As a result, 
most threshold photoelectrons can be detected while discri- 
minating against the kinetic photoelectrons. With this ana- 
lyzer, an energy resolution of 2 cm - ’ (full width at half 
maximum: FWHM) has been recorded in the REMPI 
threshold photoelectron spectrum of NO which was ob- 
tained via A 22 + (u’ = 0, N’ = 7) .4 The principal difference 
between the deflection-type and the capillary-type analyzers 
is the brightness. The deflection-type is ten times brighter 
compared to the capillary-type, although the latter is easier 
to handle. 
Threshold photoelectron spectra were measured as a 
function of the ionization laser wavelength ( v2 ). The total 
threshold photoelectron current obtained at each laser shot 
was amplified by an amplifier (ORTEC, model 570) 
through a scintillation preamplifier (ORTEC, model 113 ), 
and then was averaged by a boxcar integrator (Brookdeal, 
models 94 15 and 9425 ). Output signals from the boxcar inte- 
grator were directly recorded on a strip chart recorder. 
The sample gas used in the present work was a 10% 
mixture of NO in Ar, and expanded as a free jet through a 
homemade conical nozzle which plays an important role in 
decreasing the interaction between the free jet and the two 
electrodes (P 1, P 2) of the threshold photoelectron analyzer. 
III. RESULTS AND DISCUSSION 
A. REMPI excitation spectrum 
The one-color (2 + 1) REMPI excitation spectrum ob- 
tained here for Ar-NO is shown in Fig. 2. The spectrum is 
essentially the same as those previously reported by Sato et 
~1.’ and by Miller and Cheng.’ The off-scale band appearing 
Ar-NO 
0 123 
v’ - 
I I 1 I I I 
52000 52200 52400 
TWO-PHOTON ENERGY (cm-‘) 
FIG. 2. One-color (2 + 1) REMPI excitation spectrum of Ar-NO for the 
electronic transition C 211 +X ‘II ,,r . 
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at 52 377 cm - ’ and the band at 52 252 cm - ’ in Fig. 2 can be 
readily assigned to the two-photon transitions of free NO 
from the X *lI ,,2 (0” = 0) and X 2lI3,2 (v” = 0) states to the 
C *Il (v’ = 0) state, respectively.” 
On the lower-energy side of this band system, a vibra- 
tional progression is observed, which is attributed to the in- 
termolecular stretching motion of Ar-N0.8*9 The spacings 
of this vibrational structure are 54.4, 51.0, and 46.4 cm - ‘. 
The (O-O) band of the progression is redshifted by 326 cm - ’ 
from the corresponding NO transition. 
tra reported here, the onsets corresponding to the first bands 
in Figs. 3(a)-3 (c) do not show any dependence on which 
intermediate vibrational level is selected, and no photoelec- 
tron bands have been observed on the low-energy side of the 
intense first bands in Figs. 3 (a)-3 (c) . As a result, the ioniza- 
tion potential of Ar-NO can be confidently determined as 
73 869 * 6cm-‘. 
6. Threshold photoelectron spectra 
Two-color (2 + 1’) REMPI threshold photoelectron 
spectra of Ar-NO via the C ‘II state v’ = 0, 1, and 2 are 
shown in Fig. 3. The first bands in Figs. 3 (a)-3 (c) give the 
adiabatic ionization potential of Ar-NO from the following 
expression: 
I, = 2hv, + hv,. (1) 
The 1, value obtained in the present work is 73 869 & 6 
cm-’ (9.159 + 0.001 eV), which is 86 cm - ’ higher than 
previously reported by Sato et al.’ with a TOF photoelec- 
tron analyzer. They reported that the onset of the photoelec- 
tron band of Ar-NO depends on which intermolecular vi- 
brational levels are selected in the C’II state. Although 
vibrational structure was not resolved in their photoelectron 
spectra, they obtained the ionization potential of Ar-NO 
from the lowest onset. In the threshold photoelectron spec- 
In Figs. 3 (a)-3 (c), two kinds of vibrational progres- 
sions are observed whose fundamental frequencies are 79 
and 94 cm - ’ with strong anharmonicities. The neutral 
ground-state Ar-NO is “T” shaped with an internuclear dis- 
tance of 3.711 A and an angle of 95.175” to the NO axis as 
determined by molecular-beam electric resonance micro- 
wave and radio-frequency spectroscopy.” In the “T”- 
shaped Ar-NO complex, it is clear that there are three vibra- 
tional modes, and one of the three is almost the same as the 
stretching mode of the free NO + cation. Thus the two low- 
frequency vibrational structures appearing in Fig. 3 can be 
attributed to the intermolecular bending and stretching 
modes of the (Ar-NO) + cation. A possible assignment of 
the two low-frequency vibrational modes would be the inter- 
molecular stretching mode for the A = 94 progression and 
the bending mode for the A = 79 progression, since the vi- 
brational frequency of the stretching is larger than the one of 
the bending in many cases. 
ma-94 
A-79 
Although the Au = 0 propensity rule is usually expected 
in excited-state photoelectron spectra of organic polyatomic 
molecules, such a propensity rule cannot been applied to 
these threshold photoelectron spectra. This fact suggests 
that the O-N-Ar angle changes on photoionization and it is 
necessary to interpret the vibrational structure in Fig. 3 in 
terms of the Duschinsky rotational effect.12 In other words, 
the coupling between the intermolecular stretching and 
bending modes is strong in ( Ar-NO) + . 
C. Dissociation energy 
I ' ' ' ' A-94 
“‘,, bc 
I I I I I I 
By using the adiabatic ionization potential of free NO 
(74 721.7 + 0.4 cm-‘) (Ref. 13) and Ar-NO (73 869 + 6 
cm-‘), and bi the available zero-point energy (20 cm - l) 
(Ref. 9) and the D, value (118 cm-‘) (Ref. 14) of the 
neutral ground state, the dissociation energy of the ground- 
state ( Ar-NO) + cation was calculated as Do = 95 1 cm - ‘. 
The positively charged core makes the dipole force stronger, 
which is an important contributor to the dissociation energy 
of a van der Waals complex. Thus, the dissociation energy of 
a molecule rare-gas complex should increase in the following 
order: neutral ground state < Rydberg state < ionic ground 
state. 
ION INTERNAL ENERGY 
An energy diagram describing the two-step ionization 
process in Ar-NO compared with the corresponding dia- 
gram of NO is shown in Fig. 4. The spectroscopic constants 
of Ar-NO in the neutral ground state (X 211,,2 ), the reso- 
nant state (C ‘Il), and the ionic ground state (X ‘B + ) are 
summarized in Table I. 
D. Anharmonicity 
FIG. 3. Two-color (2 + 1’) REMPI threshold photoelectron spectra of 
Ar-NO obtained via three intermolecular stretching vibrational levels in 
the C’II state: (a) v’ = 0, (b) v’ = 1, and (c) v’ = 2. 
The spacings AG( v) of the intermolecular bending and 
stretching progressions of ( Ar-NO) + are plotted in Fig. 5 
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FIG. 4. The energy diagram of Ar-NO compared to NO. 
against the vibrational quanta v. On the assumption that the 
intermolecular vibrational energy G(v) can be expressed by 
G(v) =w,(v+t) --e~e(v+:)~, (2) 
then the spacing is 
AG(v) = o, - 2o,x,v. (3) 
A least-squares fitting method has yielded values for the 
w, and o,x, of (Ar-NO) + as 80.3 and 2.0 cm - ‘, respec- 
tively, for the A = 79 progression, and 99.6 and 7.1 cm - ’ for 
the A = 94 progression. If a Morse potential is used to ap- 
proximate the intermolecular potential, then the dissocia- 
tion energy D, can be expressed by 
o,=o:. 
4GG (4) 
With this assumption, D, values of 1600 and 704 cm - ’ 
have been obtained for the A = 79 and A = 94 progressions, 
respectively. Clearly these values are somewhat different 
from the experimental value of D, = 998 cm-‘, this fact 
TABLE I. Summary of spectroscopic constants of Ar-NO and 
(Ar-NO) +. 
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FIG. 5. The anharmonicities of the intermolecular bending and stretching 
vibrationalmodesofthe (Ar-NO) + cation: (a) bending (A = 79) and(b) 
stretching (A = 94). 
suggesting that the Morse potential fails to adequately de- 
scribe the true intermolecular potential of ( Ar-NO) + . 
E. Procedure of Franck-Condon calculations 
Franck-Condon calculations were carried out to esti- 
mate the structural changes that occur as a consequence of 
the ionization process studied. Two approximations were 
used in performing these calculations. Firstly, harmonic os- 
cillator potentials were assumed throughout. Secondly, the 
vibrational coordinates of the upper state are described with 
the introduction of only the translational coordinates (that 
is, a neglect of the rotational coordinates). 
In the case of a diatomic molecule there is only one nor- 
mal coordinate which is, in effect, a mass weighted Cartesian 
coordinate 
Q = &Ar. (5) 
Here ,u is the reduced mass of the system and Ar is the dis- 
placement of the nuclei from their equilibrium positions r,. 
If the equilibrium bond lengths of the ground and excited 
states are r: and r;, then the normal coordinates in the two 
states are related through 
Q’=Q”+D, (6) 
State’ To (cm-‘) 0, (cm-‘)’ Do (cm-‘) 
Ar-NO X ‘fI,,r 0 4w 98d 
Ar-NO C’ll 52 051 54.4 424 
( Ar-NO) + X ‘2 + 73 869 79,94 951 
where D = &( r; - r:) is the difference in the equilibrium 
configurations between the two states. The Franck-Condon 
integral is converted into a function of a single variable Q “, 
M(u’,v”) = (d:,(Q’)l4::Q”)) 
‘The electronic states are denoted by analogy with the states of the NO 
component. The Ar atom is in its ground state ( ‘S, ). 
‘The vibrational frequencies of the intermolecular bending and stretching 
modes. 
’ From Ref. 9. 
= @:,(Q” +D)M::(Q”)). (7) 
The ratios of the Condon integral of the first and second 
members relative to the origin band are expressed as fol- 
lows:15 
‘The zero-point energy is assumed to be 20 cm - ’ from Ref. 9. The De value 
of 118 cm - ’ reported by Thuis er al. (Ref. 14) was used. 
++Z!@‘r/cl +p’), 
, 
(8) 
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directly from the frequency and intensity data through Eq. 
( 10). The elements of the D vector can then be related to AS 
by Eq. ( 5) when the reduced mass of the system is replaced 
by the inverse G matrix element, G i; ’ 
ASi = aDi. (14) 
In this system, the G matrix elements are as follows:” 
G,, =pAr +pN, (15) 
G22 =,4x +pN, (16) 
G,, =++& 
r N-Ar &o 
+pN &+A- ( 2 cos q5 1. (17) 
2596 Masahiko Takahashi: Photoelectron study of Ar-NO 
i$~; - [l/d/2(1 +p’,l{[m4~/(1 +p2)1 
, 
+ (l-8’,), (9) 
where M( u’, U” ) is the Condon integral from the vibrational 
quantum LJ” in the lower state to the vibrational quantum LJ’ 
in the upper state, fl= aR/a’, y= - a’D, and 
a2 = 4&w/h (Y is the vibrational frequency). The dis- 
placement D in the equilibrium configuration can be ob- 
tained through Eq. ( 8) which is rewritten as 
D= _ Ml,O) M(O,O) (Y) (&)‘“* (lo) 
The structural data of the neutral ground state Ar-NO 
reported by Howard et al.” were used for the present calcu- 
lations. The distances between the N and 0 atoms in the 
three states studied were assumed to be the same as those of 
free N0,16 since the force constants of the NO stretching are 
much larger than those of Ar-NO. 
F. Structural change on photoionization 
The procedure used to obtain the structural changes 
that occur as a consequence of the ionization studied is as 
follows. The molecular structure of Ar-NO in the resonant 
C 211 state was estimated from the excitation spectrum. The 
molecular structure of ( Ar-NO) + was estimated from the 
REMPI threshold photoelectron spectrum in Fig. 3(a). 
Here, an assumption was introduced; that is, the normal co- 
ordinates Si of Ar-NO are the same as the internal coordi- 
nates Ri described in Fig. 6, 
S, =R,t (11) 
S2 =R2, (12) 
S, = R,. (13) 
Here, S, , S, , and S, represent the intermolecular stretching, 
the N-O stretching, and the intermolecular bending mode of 
Ar-NO, respectively. 
ir &-Ar rb ‘N-Ar rN-O / 
The structure of Ar-NO in the resonant C ‘II state was 
calculated from the intensity distribution in the two-photon 
excitation spectrum in Fig. 2. The two-photon transition 
probability is expressed as 
2 
(%I~‘I6>($IH’I%o> 2 
n#i ES-E,” 
). (18) 
The Franck-Condon part in Eq. ( 18) may be reduced to 
(iI f) in the ordinary one-photon excitation process, since 
the projection operator Zln) (n I- 1. The intensity ratio used 
here has been corrected in accordance with the third order of 
the laser power. Using the intermolecular stretching vibra- 
tional frequency (40 cm - ’ ) of the neutral ground state Ar- 
NO reported by Miller and Cheng,’ then the displacement 
D : along the intermolecular stretching coordinate may be 
obtained from Eq. ( 10). This D ; value was then used in Eq. 
( 14) to obtain a AR : value of 0.776 A. Although the sign of 
the AR ; value cannot be determined from the present calcu- 
lations, it is clear that the sign should be minus when the 
dissociation energies in the three states are taken into ac- 
count. 
The displacements in the equilibrium configurations 
which occur on excitation and ionization can be obtained 
The structure of the ground-state cation (Ar-NO) + 
was calculated in the similar way. In this case, the intensity 
ratio used has been corrected in accordance with the first 
order of the ionization laser ( v2 ) power. For the intermole- 
cular stretching coordinate, a AR ,+ value of 0.252 A was 
obtained. For the intermolecular bending coordinate, the in- 
termolecular bending frequency of Ar-NO in the C ‘II state 
is unknown. However, this frequency may be estimated from 
Eqs. (8) and (9). A frequency value of 63.3 cm- ’ was thus 
obtained. Similarly, application of this procedure to the 
stretching coordinate yields a frequency value of 69 cm - ‘. 
This can be compared with the experimental value of 58.6 
cm - ’ which has been corrected to account for anharmoni- 
city in the excitation spectrum in Fig. 2. As a result, the 
AR 3’ value was calculated as 11.3”. 
FIG. 6. Representation of the internal coordinates of Ar-NO. 
It is important to consider the dipole-induced dipole in- 
teraction to interpret the threshold photoelectron spectra in 
Fig. 3 and the difference in the dissociation energies between 
( Ar-NO) + and neutral Ar-NO. The dipole-induced dipole 
interaction (charge-induced dipole interaction) of 
(Ar-NO) + should be larger when the 0-N-Ar angle de- 
creases, since the force is expressed by 
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TABLE II. Geometrical parameters of Ar-NO and ( Ar-NO) + . 
State’ 
Ar-NO X ‘11 I,z 
Ar-NO C “II 
(Ar-NO) A X ‘Z + 
TN-0 (b;) 
1.150 77b 
1 .062b 
1.063 22b 
rN-Ar (A) 0-N-Ar angle 
3.7llC 80.483" 
2.94 80.5' 
2.68 69.2 
‘The electronic states are denoted by analogy with the states of the NO 
component. The Ar atom is in its ground state ( ‘S, ). 
b From Ref. 16. 
’ From Ref. 11. 
F= - +-$ (R*p)R+ .a.. (19) 
As a result, a more reliable choice of the sign of AR 3’ may be 
minus. The results obtained in the present work are summar- 
ized in Table II. 
Further Franck-Condon calculations which account 
for the Duschinsky rotational effect as well as ab initio calcu- 
lations of the intermolecular vibrational frequencies of the 
( Ar-NO) + cation are now under consideration. Hopefully, 
these calculations will yield more detailed information about 
the molecular structure and ionization process in Ar-NO. 
IV. CONCLUSION 
Two-color (2 + 1’) REMPI high-resolution threshold 
photoelectron spectroscopy has been applied to a van der 
Waals complex for the first time. The threshold photoelec- 
tron spectra of Ar-NO presented here show rich spectral 
information about intermolecular vibrations of the 
( Ar-NO) + ground-state cation. The intermolecular bend- 
ing and stretching modes of the ( Ar-NO) + cation could 
tentatively be assigned. Furthermore, the structural change 
of Ar-NO that occurs on photoionization was calculated 
with the aid of simple Franck-Condon calculations, suggest- 
ing that the intermolecular distance decreases by 1.03 A, and 
the 0-N-Ar angle decreases by 11.3”. 
The ionization potential of Ar-NO has been determined 
as 73 869 -& 6 cm - ‘, and the I, value is 852 cm - ’ lower than 
the value of free NO. By using the available data of Ar-NO 
and NO, the dissociation wergies of ( Ar-NO) + and Ar- 
NO in the three states studied have been calculated. The 
results show that the (Ar-NO) + cation has a rigid struc- 
ture compared to the neutral Ar-NO. 
These results obtained in the present work show the 
REMPI threshold photoelectron spectroscopy gives the 
spectroscopic information about the intermolecular vibra- 
tions of van der Waals cluster cations which is difficult to 
obtain using other techniques. 
In this laboratory, a higher-resolution threshold photo- 
electron analyzer is currently designed, which may resolve 
the rotational structure in threshold photoelectron spectra. 
Such rovibrational spectra should give much information 
about van der Waals complex cations. 
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